Object. Intracarotid artery cold saline infusion (ICSI) is an effective method for protecting brain tissue, but its use is limited because of undesirable secondary effects, such as severe decreases in hematocrit levels, as well as its relatively brief duration. In this study, the authors describe and investigate the effects of a novel ICSI pattern (interrupted ICSI) relative to the traditional method (uninterrupted ICSI).
T he recent introduction of therapeutic hypothermia has improved acute stroke therapy considerably. It has been shown that mild hypothermia (33°-36°C) is effective for inducing either global or focal ischemia in experimental and clinical studies. 1, 6, 20 Intracarotid artery cold saline infusion, which is one of the methods of SBC, may be the fastest means of inducing hypothermia. 4, 23 A study of a theoretically modeled human brain predicted that ICSI could reduce brain temperature to 33°-34°C within 10 minutes, which is 18-42 times faster than systemic body surface cooling and 10-20 times faster than systemic local heat exchange in the vasculature. 23 Furthermore, a clinical pilot study showed that the feasibility, safety, and physiological responses of ICSI were satisfactory. 5 Compared with systemic cooling and an ice cap, we have found in our laboratory that there are apparent advantages associated with using ICSI for improving the outcomes of ischemic stroke. 18 Although ICSI is a promising neuroprotective technique, it is difficult to apply it clinically. Trials have suggested that the duration of cooling for mild hypothermia, no less than 48 hours, is one of the most important factors for its neuroprotective properties. 32, 33 However, this duration of treatment is not attainable with ICSI because of an undesirable reduction in hematocrit, which limits its use to no more than 3 hours. 23 In the present study, we describe a novel method of infusion called "interrupted infusion." Compared with traditional continuous infusion, the interrupted pattern can effectively prolong hypothermia while using the same amount of liquid. We applied this infusion technique in rats with transient MCAO and observed its tolerance and effectiveness. We postulated that interrupted infusion is a safe cooling method that provides more neuroprotection after ischemic stroke than that provided by the traditional infusion pattern.
Interrupted intracarotid artery cold saline infusion as an alternative method for neuroprotection after ischemic stroke
Methods
All procedures involving the use of rats were approved by the Animal Research Committee of Nanfang Hospital in Southern Medical University.
Animal Protocol
Eighty-five male Sprague-Dawley rats weighing 250-300 g were used in these experiments. Animals were randomized into the following groups: sham group, which underwent neither MCAO nor infusion, 8 rats; noninfusion group, which had 3 hours of MCAO without infusion, 13 rats; and infusion groups, which underwent different types of infusion after 3 hours of MCAO. The two types of infusion included uninterrupted ICSI and INSI or interrupted ICSI and INSI (13 rats per group, total of 52 rats).
For surgical procedures, anesthesia was induced with 10% chloralic hydras through the peritoneal cavity. Two temperature probes (Physitemp Instruments, Inc.) were each placed in the right brain cortex (3 mm posterior and 3 mm lateral to the bregma and 4 mm below the skull surface) and the rectum for continuous monitoring of brain and core temperatures. A heating pad and bubble wrap were used to maintain the core temperature at 37°C. The left femoral artery of animals was catheterized for monitoring mean arterial pressure, heart rate, arterial gas levels (pH, pO 2 , and pCO 2 ), and hematocrit.
A modified intraluminal filament model was used for inducing MCAO in all animals except those in the sham group, as formerly described by Longa et al. 24 Briefly, the right common carotid artery, ICA, and ECA were exposed via a midline incision in the neck, and the ECA was ligated and transected. A piece of nylon filament with a round tip (0.34-0.36 mm) was introduced into the ICA through the recurved ECA and was advanced 18-20 mm beyond the carotid artery bifurcation, until a faint resistance was felt. After 3 hours of MCAO, reperfusion was established by retracting the filament. To verify the success of MCAO surgery and reperfusion, blood flow in the right cortex supplied by the right MCA was measured using laser Doppler flowmetry in the core MCA territory (2 mm posterior and 6 mm lateral to the bregma). The rats without a decrease in blood flow below 30% of the baseline value after filament insertion were eliminated from the study. The success of reperfusion was determined by an increase in blood flow above 80% of the baseline value after retraction of the filament. In the infusion groups, a modified PE-50 tubule was inserted into the ICA approximately 5 mm from the recurved ECA after retraction of the filament.
The uninterrupted infusion groups received a continuous infusion of 15 ml/hour for 30 minutes. The same infusion speed was used in the interrupted infusion groups, but the duration of infusion (30 minutes) was divided into trisections (10 minutes/section), and there was a 20-minute interval without infusion between the sections. Both the uninterrupted or interrupted ICSI groups received infusions of saline at 10°C, whereas the saline administered to the INSI groups was 37°C. Otherwise, the procedures were the same in the INSI groups and the ICSI groups. Rapid rewarming was induced using a heating pad and bubble wrap after infusion; rats were considered rewarmed when their brain temperatures returned to the baseline value. Note, however, that during the 20-minute intervals used in the interrupted infusion groups, rapid rewarming was not used.
In the sham group, the filament was not inserted into the artery for inducing MCAO. A modified PE-50 tubule was inserted into the ICA approximately 5 mm from the recurved ECA, but no saline was infused into the artery. Other procedures were the same as those in the infusion groups.
Neurological Scores
The neurological scores were evaluated 48 hours after reperfusion in all animals by using a scoring system described by Schäbitz et al. 30 Motor tests involved measuring flexion of the head more than 10° to the vertical axis within 30 seconds of the start of the test and forelimb/hindlimb flexion while raising the rat by its tail. An inability to flex was assigned a score of 1. A second test involved placing the rat on the floor and scoring its gait. Scores were assigned as follows: normal walk = 0, inability to walk straight = 1, circling toward the paretic side = 2, and falls down to the paretic side = 3. Measuring the absence of reflexes was performed by assigning a score of 1 to the lack of a pinna reflex, corneal reflex, and/or startle reflex. The presence of other behaviors that received a score of 1 included seizures, myoclonus, or myodystony. Tallied scores indicated severe injury (8) (9) (10) , moderate injury (4-6), or mild injury (1-3). The neurological examination was performed by a researcher who was blinded to the treatment group.
Histological Analysis
Forty-eight hours after reperfusion and after neurological scoring, all animals were deeply anesthetized with chloralic hydras through the peritoneal cavity and were euthanized by cardiac perfusion with saline followed by 4% formaldehyde. Paraffin-embedded brains were dissected into 5-mm sections on 3 coronal levels: 1.70 mm (frontal cortex), -0.26 mm (optic chiasm), and -3.30 mm (middle of hippocampus) to the bregma. Two sections from each of the levels were stained with H & E and silver nitrate (modified Bielschowsky method 7 ) for morphological assessment of any possible damage to the neurons and fibers by infusion. Histological analyses were performed by a researcher who was blinded to the animal treatment group.
Infarct Size
The infarct region in sections with H & E staining was defined as the area with reduced staining or areas containing eosinophilic-necrotic cell bodies. The boundaries between regions of infarct and adjacent normal brain were clearly delineated. Tissue sections from 8 animals per group were photographed using an Olympus microscope (× 20) , and the infarct area was measured using UTHSCSA ImageTool 3.0 software. To eliminate the contribution of postischemic edema to the area of injury, the infarct area was corrected according to the method described by Swanson et al. 35 The infarct area (%) was calculated as follows: [(area of the left hemisphere -noninfarct area of right hemisphere)/area of the left hemisphere] × 100%.
Brain Water Content
The brains minus the cerebellums and brainstems were weighed to assess the wet weight (WW). Thereafter, the brains were dried for 48 hours at 100°C, and the dry weight (DW) was determined. In 5 rats per group brain water content (%) was calculated as [(WW -DW)/WW] × 100%, as previously described. 12 
Enzyme-Linked Immunosorbent Assay
Serum samples were collected from 8 animals per stroke group after 48 hours of reperfusion and analyzed in duplicate using commercially available ELISA test kits (Cusabio Biotech Co., Ltd.) to measure serum concentrations of NSE, S100b protein, and MMP-9. The assays were performed in accordance with the manufacturer's specifications. Lower limits of detection for the ELISA were 0.16 ng/ml for NSE, 0.78 × 10 -3 ng/ml for S100b, and 3.9 × 10 -3 ng/ml for MMP-9. Researchers blinded to the group designations of the specimens collected all data.
Statistical Analysis
Statistical analysis was performed with the SPSS 13.0 for Windows software package (SPSS, Inc.). Data were expressed as means ± standard error. One-way ANOVA was used to determine statistical differences in all observed indicators from different groups. The LSD t-test was used to further analyze differences in post-ANOVA tests. Statistical significance was declared at the p < 0.05 level.
Results

Overall Observations
Twelve animals had to be excluded from the study because of vessel perforation of the filament and brain hemorrhage, premature death, or the absence of laser Doppler flowmetry changes, leaving 73 animals for our analysis. The mean arterial pressure, heart rate, and arterial gas levels were not significantly influenced by infusion and were all measured at close to normal levels. In contrast, hematocrit after uninterrupted infusion was significantly reduced, although it was maintained within a normal physiological range. This significant change in hematocrit levels was not observed in animals that had received interrupted infusions (Table 1 ). In the sham group, no abnormal behavior was observed and no abnormal changes were found on histological staining. Brain water content was 79.4 ± 0.1%. Serum levels of NSE, S100b, and MMP-9 were 0.19 ± 0.22, 0.14 ± 0.05, and 16.08 ± 2.42 ng/ml, respectively.
Brain Temperature Changes
Baseline brain temperatures of uninterrupted and interrupted ICSI groups before infusion were 37.2 ± 0.1°C and 36.9 ± 0.2°C, respectively, and the core body temperatures of both groups were maintained at approximately 37°C. As shown in Fig. 1 , brain temperatures decreased to 36.5°C within approximately 6 minutes of ICSI administered at 15 ml/hour. The average temperatures of spontaneous rewarming in the interrupted ICSI group were 0.5°C in the first interval and 0.6°C in the second interval. The duration of hypothermia induced by interrupted ICSI was approximately 2.7 times more than that induced by uninterrupted ICSI. The final brain temperature in both ICSI groups was approximately 34.6°C.
Histopathological Analysis
The impact of interrupted ICSI on brain tissues was illustrated by photomicrographs of H & E and silver staining sections. The H & E staining revealed swollen brain cells; fractured, pyknotic, or apparently missing cells; and disordered neurons that were loosely arranged in infarct regions as well as adjacent normal regions. There were no obvious differences in the various regions examined-that is, cortex, striatum, and hippocampusbetween uninterrupted and interrupted ICSI (5 rats per group; Fig. 2) . Evaluation of the nerve fibers in brains revealed no significant changes in the fibers of the normal brain regions adjacent to infarct regions-that is, corpus callosum, cortex, and striatum-between the 2 infusion patterns (5 rats per group; Fig. 3 ). Overall, there was no difference in the injuries to the neurons and fibers in the interrupted ICSI group, as compared with injuries in the uninterrupted ICSI group. 
Infarct Size, Brain Water Content, and Functional Outcome
The infarct size in ischemic brains with 3 hours of MCAO followed by 48 hours of reperfusion was measured in the 5 stroke groups (8 rats per group; Fig. 4) . The H & E staining showed infarction within the MCAO territory, including the cortex and the neostriatum. Although significant differences were revealed between the noninfusion group (50.5 ± 5.3%) and the 2 ICSI groups (uninterrupted ICSI, 33.8 ± 3.8%; interrupted ICSI, 34.2 ± 4.6%), no differences were detected between the 2 ICSI groups. Additionally, no differences were detected between the noninfusion group and the 2 INSI groups. Thus, these data indicated that infarct size did not differ significantly between interrupted and uninterrupted ICSI brains.
In comparisons among groups, brain water content in the uninterrupted (81.6 ± 0.2%) and interrupted (81.0 ± 0.3%) ICSI groups was significantly lower than in the noninfusion group (82.7 ± 0.3%). As with infarct size, no differences in brain water content were detected between the 2 ICSI groups. Additionally, although there was a slight trend toward a reduction of water content in the 2 INSI groups, the trend did not reach statistical significance (5 rats per group; Fig. 5 ). Analysis of variance revealed no significant differences between groups in the improvement of neurological deficits after 48 hours, which indicated that neither interrupted nor uninterrupted ICSI could improve neurological deficits in early MCAO-treated rats (13 rats per group; Fig. 6 ).
Biochemical Markers of Neuronal Injury
Serum levels of NSE, S100b, and MMP-9 were compared among the 5 stroke groups (8 rats per group; Fig.  7) . The ELISA of all 3 markers showed significant differences for only NSE and MMP-9 between the noninfusion group (NSE, 2.2 ± 0.3 ng/ml; MMP-9, 52.3 ± 5.2 ng/ ml) and the interrupted ICSI group (NSE, 1.2 ± 0.2 ng/ ml; MMP-9, 32.4 ± 4.0 ng/ml). There were no significant group differences for serum levels of S100b, but all infu- 
Discussion
Hypothermia has long been recognized as a neuroprotective remedy; however, a variety of adverse side effects limits the usefulness and possible efficacy of systemic cooling. 31 Many SBC methods have been developed to avoid the side effects of systemic cooling. Cold liquid infusion from the carotid artery is one of the most promising SBC methods because of its high efficiency for inducing hypothermia. However, crystalloid solution infusion into either the vertebral artery, as studied by Nishihara et al. 28 and Ohta et al., 29 or the carotid or jugular veins, as studied by Ding and colleagues 8, 10 and Wen et al., 38 were all performed using simple continuous infusion. Although hypothermia induced by the traditional infusion pattern improved the outcomes of brain ischemia in almost all of these studies, this pattern is technically difficult because of an inevitable drop in hematocrit levels and limitations on the duration of treatment. To decrease these negative effects and provide a better method, we present here a novel infusion pattern, called "interrupted infusion," to achieve SBC. Key features of interrupted ICSI are as follows: 1) longer treatment duration, 2) less effect on hematocrit levels, and 3) more potentially improved neuroprotection, as compared with the traditional infusion pattern. First, interrupted infusions can prolong treatment, which is an advantage given that its limited duration is the main shortcoming of ICSI. Many clinical trials and laboratory studies 25, 32, 33 have suggested that a longer duration of cooling is needed to obtain the full neuroprotective effects against ischemia, possibly because of the diverse pathophysiological processes at work over an extended time course. 11, 37 In the present study, traditional uninterrupted ICSI was maintained for approximately 24 minutes with the brain temperature maintained under 36.5°C (it takes about 6 minutes to decrease the brain temperature from 37°C to 36.5°C). But with the same amount of liquid as that used in uninterrupted ICSI, the duration of interrupted ICSI could be maintained for up to approximately 64 minutes, which is 2.7 times longer than the traditional method. This prolonged duration provided a relatively long time for the body to absorb or metabolize the redundant water that was infused. In fact, urination was seen in most rats receiving interrupted infusions but was rarely observed in the traditional infusion groups.
The second advantage of interrupted infusions was the less affected hematocrit levels. A theoretical model of ICSI in the human brain showed that a continuously falling hematocrit level was the main time-limiting factor in the traditional method. 23 In the combination model of ICSI and an ice cap, the amount of infused volume was reduced by 55% over a 6-hour period and better hematocrit values were obtained, as compared with the ICSI method alone. In this combined method, however, core body temperature was severely decreased because of the ice cap. 27 In the present study, interrupted ICSI induced a less drastic decrease in hematocrit levels than traditional ICSI, and the core body temperature was not significantly changed. Thus, this advantage improves the safety of the ICSI method.
Third, compared with traditional infusion, interrupted ICSI has more positive molecular biological outcomes for ischemic stroke. We used standard biochemical markers to assess neuronal injury. The first marker, NSE, is localized mainly within neurons and endocrine cells. High serum NSE was associated with a poor outcome in ischemic stroke, 2 and NSE has been reported as a useful biochemical marker for neuronal injury from various causes.
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The second marker, S100b, is found primarily in glial and Schwann cells and can be used to detect glial cell injury.
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As with NSE, previous studies have shown that S100b correlates with stroke severity and outcomes. 3 Matrix metalloproteinase 9 is a good marker for blood-brain barrier breakdown after cerebral ischemia, and a clinical study has shown that MMP-9 has a significant correlation with brain edema. 15 It has been shown by several groups to play an important role in ischemic stroke. 21, 26 In the present study, we found that although there were no significant differences in infarct size, brain water content, or neurological deficits between interrupted and uninterrupted ICSI groups, interrupted ICSI decreased the NSE and MMP-9 serum levels. These molecular biological changes suggested that there might be more neuroprotection in interrupted infusion than in uninterrupted infusion. Additionally, the dry-wet method showed lower water retention in brains from rats treated with interrupted ICSI, coincident with a change in MMP-9 serum levels, thus suggesting the effect of interrupted ICSI on brain edema may be better than traditional infusion.
The effect of ICSI is a synergistic neuroprotection of hypothermia and flushing. The mechanisms of action of hypothermia are varied, so benefits could be attributed to blocking the cascade of ischemia on many physiological levels. 13 With regard to flushing, previous studies have found that ischemic rats who received INSI at 120-180 ml/hour for 3-4 minutes had a significantly smaller infarct size and fewer neurological deficits in the acute phase of ischemic stroke, which was attributed to adequate reperfusion and ameliorated inflammation. Similarly, we assessed the kinetics of hypothermia and flushing in a 2-hour MCAO rat model and found that the flushing effect in ICSI (at 10-25 ml/hour) decreased over a delayed start time, whereas the hypothermia effect was preserved for relatively longer times (data not shown).
In the present study, the INSI parameter (at 15 ml/hour) for the uninterrupted or interrupted infusion for 30 minutes did not induce obvious neuroprotection in a 3-hour MCAO rat model, and the most probable explanation for this finding is that these animals experienced a more severe stroke. Even so, this evidence does not suggest that flushing does not contribute to ICSI neuroprotection.
The depth of cooling is another important factor for therapeutic hypothermia. Cerebral metabolism is temperature dependent. Hypothermia reduces brain O 2 consumption by approximately 5% per degree Celsius of body temperature between the range of 22°C-37°C. 14 A study of systematic hypothermia in ischemic rats showed that 33°C and 34°C were the optimal temperatures for hypothermia, 22 but another study found that mild hypothermia was as protective as more severe hypothermia. 16 Regardless, 36.5°C is considered to be the temperature at which hypothermia has neuroprotective effects. 19 No previous studies have documented the rate of temperature fluctuations in brain tissue, especially ischemic brain tissue. In the present study, we observed the status of neurons and fibers in ischemic brain, which would likely be affected by fluctuating temperatures induced by ICSI. We observed no adverse histopathological changes to normal, ischemic, or transition zone neurons or fibers by interrupted ICSI, which indicates that quick changes in this range of temperatures from hypothermia are safe for brain tissue after ischemic stroke.
A clinical trial revealed that the rewarming period seems to be crucial for the outcomes of ischemic stroke. Authors found that a shorter duration of rewarming (< 16 hours) was associated with a more pronounced increase in intracranial pressure. 31 In the present study, we adapted this method of rapid rewarming, because there are individual differences in spontaneous rewarming rates in rats that can affect the total duration of hypothermia. We observed that rapid rewarming returned the brain temperature to baseline within 15-20 minutes in all animals studied.
Theoretically, traditional ICSI for the human brain cannot be maintained for over 3 hours, and its potential role in the management of ischemic stroke is as the "igniter" for rapidly induced hypothermia so as not to miss the therapeutic window. 20 However, data in this study indicated that interrupted ICSI could maintain a longer duration of hypothermia, which not only improves the availability of ICSIs but also sets the stage for clinical combination therapy. Next, it will be interesting to investigate the neuroprotective effects obtained with the combination of interrupted ICSI and neuroprotective agents. Clinically, it is possible to adapt ICSI or an ICSI combined with neuroprotectants through an interventional technique.
Conclusions
Intracarotid artery cold saline infusion with an interrupted pattern not only is a safe method, but can also significantly prolong the whole duration of hypothermia with fewer side effects and noninferior neuroprotection for ischemic stroke, which would ultimately enhance the clinical availability of the hypothermic infusion technique. 
